Pair-living and socially monogamous primates typically do not reproduce before dispersing. It is currently unclear whether this reproductive suppression is due to endocrine or behavioral mechanisms. Cooperatively breeding taxa, like callitrichids, may forego reproduction in natal groups because they reap inclusive fitness benefits and/or they are avoiding inbreeding. However, neither of these benefits of delayed reproduction appear to adequately explain the lack of reproduction prior to leaving the natal group in pair-living monogamous species. In this study, we determined whether wild Azara's owl monkeys (Aotus azarae) in the Argentinean Chaco establish reproductive maturity prior to dispersing. We utilized 635 fecal extracts to characterize reproductive hormone profiles of 11 wild juvenile and subadult females using enzyme immunoassays. Subadult females showed hormone profiles indicative of ovulatory cycling and had mean PdG and E1G concentrations approximately five times higher than juveniles. Contrary to expectations from the inbreeding avoidance hypothesis, female owl monkeys do not delay puberty, but rather commence ovarian cycling while residing in their natal group. Still, subadults appear to have a period during which they experience irregular, non-conceptive cycles prior to reproducing. Commencing these irregular cycles in the natal group may allow them to develop a state of suspended readiness, which could be essential to securing a mate, while avoiding costs of ranging solitarily. Our results indicate that reproductive suppression in female owl monkeys is not due to endocrine suppression. We suggest that adults likely use behavioral mechanisms to prevent subadults from reproducing with unrelated adult males in their natal group.
Introduction
Any time multiple individuals of the same sex co-reside within the same group, conflicts over which member(s) of a group will reproduce may arise. Both the degree to which group members partition reproduction and the mechanisms regulating reproductive partitioning appear to vary widely among taxa (Hager and Jones, 2009; Johnstone, 2000; Keller and Reeve, 1994) . For example, high reproductive skew, when one or a few individuals monopolize reproduction in a group, occurs in diverse taxa, ranging from eusocial insects to brown jays (Cyanocorax morio) to meerkats (Suricata suricatta) (Bell et al., 2014; Reeve and Keller, 2001; Williams, 2004) . On the other hand, similar levels of skew may be the result of vastly different mechanisms (e.g. worker caste sterility vs. behavioral inhibition) (Heinze, 2004) , and the degree of skew can vary vastly even among related species with similar ecologies [e.g. dwarf mongooses (Helogale parvula) vs. banded mongooses (Mungos mungo)] (Cant, 2000; Johnstone and Cant, 2009 ).
A potential means through which intragroup conflict over reproduction may be resolved is reproductive suppression. While forgoing reproduction may at first seem counter to maximizing fitness, it can be an adaptive strategy (Beehner and Lu, 2013) . Among cooperatively breeding species, explanations for why subordinates forgo their own reproduction have historically been based on kin selection arguments; providing allocare to dominant relatives allows subordinate helpers to maximize their inclusive fitness (Emlen, 1995; Hamilton, 1964) . In fact, high levels of average relatedness between group members have been hypothesized to play important roles in the evolution of reproductive suppression of subordinates and cooperative breeding (Lukas and Clutton-Brock, 2012) . Alternatively, suppression of reproduction may be adaptive because it helps individuals avoid inbreeding (Hamilton, 2004) . Inbreeding avoidance is likely to be important in taxa where social groups have high degrees of average relatedness, such as socially monogamous or cooperatively breeding species. This seems to be the case among cooperatively breeding mole-rats (Cryptomys damarensis) (Bennett et al., 1996; Clarke et al., 2001; Cooney and Bennett, 2000) and meerkats (S. suricatta) (O'Riain et al., 2000) .
Reproductive suppression of female primates has also been documented in pair-living taxa without cooperative breeding. In both captive and wild pair-living primates, females typically do not reproduce while in their natal groups. For example, among wild New World primates, neither red titi monkeys (Callicebus discolor) nor Azara's owl monkeys (Aotus azarae) have been observed to breed prior to dispersing (Fernandez-Duque, 2009; Van Belle et al., 2016) , and captive dusky titi monkey (Callicebus moloch) females do not breed while in their natal groups, even after reaching sexual maturity (Valeggia et al., 1999; Valeggia, 1996) . This reproductive postponement phenomenon is not restricted to New World primates: data from pair-living lemurs (Tecot et al., 2016) , wild siamangs (Symphalangus syndactylus), and whitehanded gibbons (Hylobates lar) also suggest that females must typically disperse from their natal groups before they reproduce (Palombit, 1995; Reichard and Barelli, 2008) .
Socially monogamous groups are usually defined as containing one adult male, one adult female, and their offspring, and have been historically been referred to as "family groups". Under these considerations, it is hypothesized that females in monogamous taxa do not reproduce prior to dispersal due to a lack of unrelated males. However, in the last two decades data have accumulated that have challenged the notion that pair-living taxa live in "nuclear family groups" in which parents and offspring are always genetically related (Fuentes, 1998; Garber et al., 2016) . For a variety of reasons, and in a range of socially monogamous taxa, offspring often encounter situations in which they are residing in their natal groups with unrelated adults of the opposite sex. It is now clear that several taxa categorized as "monogamous" would be better described as serially monogamous or pair-living (Fuentes, 1998; Palombit, 1994; Sommer and Reichard, 2000; Tecot et al., 2016) . In support of this, the replacement of reproductive adults has been reported in owl monkeys (A. azarae) (Fernandez-Duque and Huck, 2013) , equatorial saki monkeys (Pithecia aequatorialis) (Di Fiore et al., 2007) , and several species of gibbon (Brockelman et al., 1998; Koda et al., 2012; Palombit, 1994) . Social structures among gibbons and sakis are also more flexible than traditionally viewed (Norconk, 2011; Sommer and Reichard, 2000) , with groups of white-faced sakis (Pithecia pithecia) and white-handed gibbons (H. lar) at some sites frequently containing more than one adult male Reichard and Barelli, 2008) .
The presence of unrelated adults in these groups makes the inbreeding avoidance hypothesis for reproduction suppression unlikely. The absence of substantial alloparental care among most pair-living primates makes the inclusive fitness hypothesis for reproductive suppression unlikely as well. Studies examining alternative adaptive explanations are lacking, and thus the widespread presence of reproductive suppression in these taxa remains largely unexplained. Developing a better understanding of the mechanisms underlying reproductive suppression in pair-living primates is an essential first step in generating and evaluating alternative adaptive explanations for reproductive suppression in pair-living monogamous taxa.
The mechanisms underlying reproductive suppression vary across taxa. In some cases, reproductive suppression may be mediated by the induction of physiological changes, such as the endocrine inhibition of gonadal function (Hamilton, 2004; Wasser and Barash, 1983; Wasser and Starling, 1988) . In other cases, non-breeding individuals may be physically capable of reproducing, but still forgo their own reproduction through the influence of behaviors directed at them (e.g. mate guarding, agonism, or eviction) by reproductive individuals in the group (Cant et al., 2010; Hager and Jones, 2009; Kutsukake and Nunn, 2006) .
Much of the knowledge about the hormonal suppression of reproduction in primates comes from studies of captive, cooperatively breeding callitrichids (Abbott et al., 1990; Saltzman et al., 2009; Ziegler et al., 1990) . In captive marmosets and tamarins, generally only one dominant female reproduces, while the gonadal function of other females in the group, including the offspring of the dominant female, is suppressed and non-dominant females do not ovulate (Abbott and Hearn, 1978; Abbott, 1993; Ziegler et al., 1987) . However, this mechanism of ovulatory inhibition does not always occur among all subordinate females in captivity (Abbott, 1984; Hubrecht, 1989; Smith et al., 1997; Ziegler and Sousa, 2002) and it may not consistently occur in wild populations (Albuquerque et al., 2001; Digby and Ferrari, 1994; French et al., 2003; Lottker et al., 2004; Savage et al., 1997) . Fertility in female callitrichid offspring is regulated by a complex combination of behavioral and endocrine factors (Albuquerque et al., 2001; Smith et al., 1997; Ziegler et al., 1990) . The higher frequency of inhibition of gonadal function observed in subordinate females in captivity compared to the wild may be a consequence of specific social conditions, such as forced close proximity to (dominant) female conspecifics or a lack of access to unrelated males, which frequently occur in captive settings (French et al., 2003; Lottker et al., 2004; Widowski et al., 1990) . The understanding of reproductive suppression in the callitrichids offers valuable insights, but their social and mating system is neither pair-living nor primarily monogamous (Garber et al., 2016) . As a result of these differences in social and mating systems, callitrichids and other cooperatively breeders may not be particularly useful when trying to understand reproductive suppression in pair-living and socially monogamous taxa. Understanding mechanisms of suppression in non-cooperatively breeding taxa requires empirical investigations of wild pair-living primates.
There is currently limited evidence to evaluate whether suppression of reproduction in wild pair-living primates may result from inhibition of endocrine function. For pair-living socially monogamous taxa, urinary hormone profiles of captive titi monkeys (C. moloch) indicate that females experience occasional adult-like ovarian cycles while residing with parents in their natal groups (Valeggia, 1996) . In a study utilizing fecal samples from wild white-faced saki monkeys (P. pithecia), at least one subadult began cycling while in her natal group . In contrast, fecal samples from three wild subadult whitehanded gibbons (H. lar) did not show progesterone profiles indicative of ovulatory cycling (Barelli et al., 2007) .
Azara's owl monkey (A. azarae) provides a good model to examine reproductive suppression in wild pair-living primates. Owl monkeys are a pair-living, serially and genetically monogamous taxon (Huck et al., 2014) in which predispersing non-reproducing individuals do not provide infant care. Adults reside with their offspring for several years (2-5) before the offspring disperse from their natal groups, allowing the potential for conflicts over reproduction, particularly when the replacement of a genetic parent has occurred (Fernandez-Duque, 2009; Huck and Fernandez-Duque, 2012) . Since offspring never reproduce in their natal group, dispersal is an extremely important step towards achieving reproductive success. Once offspring disperse, individuals of both sexes become solitary "floaters" for a variable period. Floaters typically need to fight with members of established social groups in order to gain a reproductive position. While severe intragroup aggression is not frequent, adults of both sexes frequently engage in aggression with intruding floaters. These aggressive encounters can result in injury or death for any of the individuals involved, and may lead to a floater evicting and replacing a group's same-sex resident adult. Eviction from the group is likely highly risky and costly for the evicted individual, which is supported by the fact that we have very rarely observed adults re-pairing and reproducing after being evicted (Fernandez-Duque and Huck, 2013) .
Very little is known about the development and sexual maturation of wild owl monkeys, though ovulatory cycles of wild adult females have been described . In captivity, Aotus nancymaae females as young as 20.5 months may be capable of conceiving (Gozalo and Montoya, 1990) . However, the pace of growth and reproductive maturation in captive and provisioned primates is substantially different than in the wild (Alberts and Altmann, 1995; Altmann and Alberts, 1987; Altmann et al., 1981; Altmann et al., 1977; Dunbar, 1990; Durgavich, 2013; Milton, 1981; Mori, 1979; Pusey, 2012; Rowell and Richards, 1979) . Studies that monitor subadults in the wild are therefore needed to develop a thorough understanding of development and the timing of hormonal maturation under natural conditions.
Our objectives were to determine the age at which wild female owl monkeys typically experience the onset of reproductive maturity and establish whether this typically occurs prior to dispersing from the natal group. By reproductive maturity, we are referring to an individual being physiologically capable of reproducing (e.g. increases in levels of reproductive hormones and establishment of ovulatory cycles similar to reproducing adults), and not the first successful copulation or parturition. We characterized the reproductive hormone profiles of wild juvenile and subadult female owl monkeys to: 1) determine the mean concentrations of ovarian hormone metabolites (PdG and E1G) in feces of juvenile, predispersed subadult, and solitary dispersed subadult females; 2) describe patterns of fluctuations in ovarian hormones and determine if they constitute evidence for ovulatory cycling; and 3) compare profiles of reproductive hormones detected in juveniles or subadults to those previously described for wild adult owl monkeys.
Methods

Study site and subjects
We conducted this study at the Reserva Mirikiná, a 1500 ha reserve of gallery forest within the private cattle ranch Estancia Guaycolec, in Formosa, Argentina (58°13′W, 25°54′S). Owl monkeys (A. azarae) at this site, which is within the South American Gran Chaco region, reside in both gallery forest and forest patches, which are separated from one another by grasslands and savannahs Placci, 1995; van der Heide et al., 2012) . We have described climate and seasonality in the area previously (Fernandez-Duque, 2009 ).
Within the Reserva Mirikiná, the Owl Monkey Project (OMP) has mapped a 300 ha area of gallery forest along the banks of the Riacho Pilagá, and established a system of intersecting transects. Groups within this mapped area were habituated and are monitored consistently (contacted at least once every week or every second week) since 1997 (Fernandez-Duque, 2016; Fernandez-Duque et al., 2001 ). This monitoring has allowed us to identify dates of births, deaths, and other demographic changes, such as dispersals, within a range of a few weeks (Huck and Fernandez-Duque, 2012) . Reproduction is highly seasonal: almost all births occur between late September and December, and 80% occur in either October or November (Fernandez-Duque, 2012; Fernandez-Duque et al., 2002) .
The Owl Monkey Project (OMP) also captures and fits some individuals with radio-collars, which allows us to consistently locate identified groups, and bead collars, which facilitate the reliable identification of specific individuals (Juárez et al., 2011) . We collected all data reported here from individuals in well-habituated groups within the mapped area. It was possible to discriminate all group members from one another by collars or natural distinguishing markings. We classified individuals as infants (< 6 months), juveniles (6 < 24 months), subadults (> 24 months), or adults (a dispersed individual which has become a member of a reproductive pair in group), following the age categories defined in Huck et al. (2011) . We classified subadults as predispersed or solitary, based on whether they had permanently dispersed from their natal group (Table 1) .
Owl monkeys do not show obvious visual signals of ovulatory cycling, so changes in reproductive hormone levels must be monitored in order to determine reproductive status (Bonney et al., 1979 (Bonney et al., , 1980 Wolovich and Evans, 2007) . We utilized feces to monitor females' reproductive hormones, because feces are the only medium that we can reliably obtain from wild individuals without repeated capturing (Fernandez-Duque et al., 2011). We collected fecal samples systematically from five juveniles, seven subadults that had not yet dispersed from their natal groups, and four subadults that had dispersed from their natal groups within the previous 12 months and were ranging solitarily. These represent 11 unique female individuals, as some were sampled in multiple categories over several years (Table 1) . We used a fecal sample to confirm the genetic sex of each of our subjects prior to conducting hormone analyses, following established methods (Di Fiore, 2006) .
We followed a sampling schedule previously utilized to monitor the reproductive status of adult female owl monkeys at our field site . Under this schedule, we sampled each female, on average, every 3.5 days (typically 2-4 days (85% of samples), absolute range: 5-7 days). We monitored individuals an average of 129 ± 16 consecutive days (range: 31-220 days) between May and December in three consecutive years (2013, 2014, 2015) , with the exception of two females who were sampled during July and August in 2011 (Table 1 ). The average cycle length for wild adult reproductive A. azarae females is approximately 22 ± 3 days (range 18-25 days) when computed using consecutive peaks in E1C from 12 cycles, and 24.0 ± 1.6 days (range 20-26 days) when computed using E1C nadirs from 10 cycles . Thus, the time when each female was monitored encompassed at least one full potential ovulatory cycle. In sum, we collected 635 fecal samples, and analyzed an average of 33 ± 5 SE samples per female.
Fecal sample processing
We obtained fecal samples non-invasively through the collection of feces from the forest floor immediately after the target individual defecated. For each sample, we placed the fecal material directly into an 8 mL screw-cap tube containing 5 mL of a 1:1 solution of ethanol and deionized (DI) water, secured the cap with a Parafilm® strip, and then shook the tube for one minute to homogenize the sample. We transferred the sample tubes from the field site to a freezer in the city of Italics indicate that the individual was sampled previously in another (younger) age category as well. "Adult Male Replacement" refers to whether or not the individual had experienced the replacement of the reproductive adult male in their group prior to being sampled (i.e. their genetic father had been replaced by an unrelated male). "Unknown" indicates that the identity of the male present at the time of the individual's birth was unknown, and thus it could not be determined whether a replacement had occurred.
Formosa as soon as possible (within 5 days during the winter, within 1-2 days during periods of warm weather). For each fecal sample collected, we recorded the date, time, and GPS location of collection, as well as the group, identity, and sex of the animal sampled. We transported samples back to the US following all shipping regulations and immediately placed tubes in a −20°C freezer once they reached the laboratory. We transported samples collected prior to 2013 to the Reproductive Ecology Lab at the University of Pennsylvania (Penn REL) and extracted them there before shipping them to the Yale Reproductive Ecology Laboratory (YREL) for analysis. We transported samples collected in 2013 or later directly from Argentina to the YREL. We followed all necessary local, national, and international regulations for the collection and transportation of biological samples and obtained all necessary permits. We utilized the same protocols for samples processed at both the Penn REL and YREL. To extract samples, we allowed sample tubes to stand undisturbed overnight, and then centrifuged them if necessary, to separate the solid fecal material portion from the liquid portion in each tube. We set aside a 1 mL aliquot of the liquid portion for subsequent hormone extraction, and then transferred the remaining liquid to 1 mL tubes, which we stored at − 20°C in a YREL freezer as backups. We then air-dried the fecal material portion of each sample and recorded the dry weight to the nearest 0.001 g.
We performed diethyl ether extractions on all samples using established methods Strier and Ziegler, 1994) . Briefly, we transferred 1 mL of the liquid portion of each sample into a glass culture tube and then added 1 mL of DI water and 5 mL of diethyl ether to the tube. We vortexed tubes for 1 min and then left them undisturbed for 5 min to allow for separation into aqueous and ether layers. We used a Pasteur pipette to decant the top ether layer into a clean glass tube, in which we completely dried off the ether. We then re-suspended the sample in 2 mL of phosphate buffer and froze 1 mL aliquots of the extracts at − 20°C.
Pregnanediol-3-glucuronide (PdG) and estrone-3-glucuronide (E1G) assays
We assayed all fecal extracts for pregnanediol-3-glucuronide (PdG) and estrone-3-glucuronide (E1G), to determine whether females showed hormone profiles indicative of ovulatory cycling. PdG assays are a reliable means of monitoring progesterone excretion during the ovulatory cycle in owl monkeys (Dixson, 1983) . Fecal PdG levels have also previously been used to successfully monitor ovarian cycles in adult females from the same population of wild A. azarae sampled in this study .
We used DetectX Enzyme Immunoassay (EIA) kits from Arbor Assays (K037-H5 and K036-H5, Ann Arbor, MI) to measure the levels of PdG and E1G. These kits have been validated by the manufacturer for use on fecal extracts. The PdG kits have cross reactivity of 100% for PdG, 44.8% for 20a-hydroxyprogesterone, and < 4% with other reactants at the 50% binding point. The E1G kits have cross reactivity of 100% for E1G, 238% for estrone, 66.6% for estrone-3-sulfate (E1S), 7.8% with 17ß-Estradiol, and < 4% with other reactants at the 50% binding point, as determined by the manufacturer. We performed all hormone assays at the Yale Reproductive Ecology Laboratory (YREL) following the manufacturer's protocols.
We diluted all extracts at least 1:8 with assay buffer and assayed in duplicate. We express the mean concentration of each set of duplicates as micrograms of PdG per gram of feces and nanograms of E1G per gram of feces. Parallelism and accuracy for hormone assays were determined using owl monkey fecal extracts prior to the start of experiments . As quality control measures, we reran all samples for which the difference between duplicates was ≥ twice the amount of non-specific binding (NSB) and we re-diluted and re-assayed samples for which binding was > 90% or < 20% of the maximum binding. Mean inter-assay coefficients of variation (CVs) were 15.6% for PdG (15.3 ± 0.25% SD = high control; 15.8 ± 0.15% SD = low control) and 10.4% for E1G (10.7 ± 0.06% SD = high control; 10.1 ± 0.11% = low control). The mean intraassay CVs were 11.6 ± 3.1% SD for PdG and 9.5 ± 3.4% SD for E1G.
Data analyses
We determined the mean concentration of each hormone for each individual and then used these means to calculate mean hormone levels for each category of individual (juvenile, predispersed subadult, and solitary dispersed subadult). We used Wilcoxon rank-sum tests to assess the statistical significance of differences between categories. We visually inspected the hormonal profile of each individual to identify the possible presence of ovarian cycles. For each cycling individual, we also calculated the mean concentration of each hormone during peaks and the mean concentration of each hormone during troughs between peaks (baseline levels). We calculated baseline levels as the mean PdG or E1G levels during the follicular phase(s) (i.e. the parts of the profile without a clear PdG peak). We report the mean ± standard error (SE) unless otherwise noted.
To identify ovulatory cycles, we used the criteria of PdG-defined ovulation. A previous study on adult owl monkeys considered any rise in PdG that was 50% above baseline follicular levels to be indicative of ovulatory peaks . However, we chose to use an even stricter criterion for classifying ovulatory peaks, because distinguishing ovulation from other non-cyclic fluctuations in PdG was essential to our objectives. We considered a cycle to be ovulatory only when PdG peaked to a level at least two standard deviations higher than the individual's mean PdG level. Thus, if juveniles or subadults in our study showed peaks using this more conservative criterion, we considered them to have experienced the onset of reproductive maturity.
Captive owl monkeys, like some other New World monkeys, have profiles of progesterone and estrogen that are nearly superimposed (Bonney et al., 1979; Preslock et al., 1973) . In concordance with this, we observed more or less concurrent rises in fecal PdG and E1G in samples from wild adult owl monkeys . Following previous studies, we utilized E1G profiles to estimate cycle length. Specifically, we estimated cycle length by counting the days between 1) two consecutive E1G peaks, and 2) the lowest points in the profile (the nadir). We considered cycles to be consecutive if peaks occurred within 25 days of one another (based on estimates of cycle lengths of adult owl monkeys), and excluded from our calculations of cycle length any peaks that occurred > 25 days apart. We then computed the average cycle length over all individuals that had more than one peak. These methods are consistent with how a previous study determined ovulation and cycle lengths for adult female owl monkeys . Thus, our methods allow us to compare cycle lengths of subadult females to those previously established for wild adults.
We also determined the age when each female showed evidence for the onset of PdG peaks indicating ovulation. For all individuals, dates of birth were either known exactly or could be estimated to have occurred within a period of ± 22 days.
Ovulatory cycles of wild adult owl monkeys seem to lack strong seasonality: females may resume cycling as soon as three months after giving birth and may cycle for several months prior to the mating season and for at least four months before conceiving (FernandezDuque et al., 2011) . To examine the potential influence of season on reproductive hormones of female subadults and juveniles, we determined the mean PdG and E1G levels for individuals and number of PdG peaks that occurred during each of two seasons: mating/pregnancy season (May-August) and birth season (September-December). All calculations and statistical analyses were performed in R (ver. 3.2.3) (R Core Development Team, 2016).
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Results
Solitary dispersed and predispersed subadults had very similar mean PdG and mean E1G levels (Fig. 1 , Wilcoxon Rank Sum Test: W = 15, p = 0.93). In contrast, juveniles had mean levels of both hormones that were substantially lower than those of predispersed and solitary dispersed subadults. Specifically, the mean PdG value in juveniles was only 20% and 22% of the values of solitary and predispersed subadult levels, respectively. Similarly, the mean E1G value in juveniles was only 19% and 21% of the values of solitary and predispersed subadult levels (Fig. 1) . The differences were statistically significant between solitary subadults and juveniles (Wilcoxon Rank Sum Tests: W = 19, p = 0.03 for PdG, W = 19, p = 0.03 for E1G) and between predispersed subadults and juveniles (Wilcoxon Rank Sum Tests: W = 33, p = 0.01 for PdG, W = 35, p < 0.01 for E1G).
Both solitary and predispersed subadults showed clear peaks of PdG and E1G during the luteal phase consistent with ovulatory cycling (Fig. 2) . Fecal PdG and E1G followed similar patterns, rising almost in parallel with one another during peaks. Peaks were generally separated by spans of consistently low levels (troughs) for both hormones, though intermediate activity was observed in some individual's profiles (Fig. 2) . Peaks were typically represented by 1-3 consecutive samples with relatively higher PdG and E1G levels, before hormone levels returned to baseline (Fig. 2) . Subadults' mean PdG levels varied between 16.8 ± 2.4 μg PdG/g feces during peaks and 2.0 ± 0.4 (SE) μg PdG/g feces in troughs, and mean E1G levels varied between 410.9 ± 73.7 ng E1G/g feces during peaks and 69.0 ± 11.0 ng E1G/g feces in troughs (Supplementary Table 1) .
We observed 21 distinct peaks in total (mean = 2.1 peaks per individual, range 1-4). All seven predispersed subadults showed at least one set of correlated PdG and E1G peaks (n = 18 total peaks). Similarly, all but one of the solitary dispersed subadults showed a PdG peak. The solitary dispersed subadult for which no peak was detected was sampled only during 16 consecutive days (a much shorter period than other individuals), still her PdG and E1G baseline levels were within the range of other cycling solitary subadults (Supplementary Table 1 ).
While the general appearance of peaks was similar among all subadult individuals, there was substantial interindividual variation in the absolute concentrations of PdG (maximum during peaks ranged from 5.3-31.7 μg/g) and E1G (maximum during peaks ranged from 181.3-841.8 ng/g). One solitary dispersed subadult had a maximum PdG level during a peak that was relatively low compared to other subadults' peak levels ("Discoteca" in Supplementary Table 1) . However, this peak met our strict criteria (> 100% higher than SD from the baseline mean), and the peak PdG level was six times higher than mean trough levels, suggesting that this individual may have experienced an ovulatory cycle even though her PdG and E1G levels were relatively low compared to other subadults.
Six predispersed or solitary dispersed subadults showed multiple PdG peaks. All but one of these 6 individuals had at least one gap longer than 25 days between the peaks of two or more of their cycles ( Supplementary Fig. 1 ). In three cases, an individual's peaks occurred several months apart (up to 167 days between peaks). We monitored one solitary, who had previously cycled while in her natal group, for three months before we detected another ovulatory peak in her profile. Using distances between consecutive cycles without large gaps (> 25 days) between peaks, the average number of days between E1G peaks was 16.5 ± 3.6 SD (range 14-25 days, n = 4 subadults, 8 peaks) and the average number of days between E1G nadirs was 17.9 ± 2.4 SD (range 15-22 days, n = 4 subadults, 7 nadirs; Table 2 ).
On average, subadults were approximately 36 months (1080 ± 70 days) old when we detected their first PdG peak indicative of ovulatory cycling. The youngest predispersed subadult was 31 months (953 days) old at the time of her first peak. The mean age at first peak was virtually the same for the three females who had experienced adult male replacements and the three who had not (1100 ± 93 and 1098 ± 142 days, respectively). There was one individual whose profile indicated several relatively small peaks in PdG, starting when she was still a juvenile (610 days of age). The mean maximum value of this individual's PdG peaks was considerably lower than the average of PdG during subadults' peaks (8.7 ± 2.9 vs. 16.8 ± 2.4 μg PdG/g feces), so it is unclear whether these "peaks" can be considered equivalent to the ovulatory peaks observed in subadults. None of the other four juvenile females showed evidence of PdG or E1G peaks. No females showed any evidence of conception (as suggested by sustained increases in PdG) in their hormone profiles.
The distribution of PdG peaks over time does not suggest that ovulation was seasonal. Peaks occurred in all months during which sampling occurred (June-December). Of the 21 peaks, 10 occurred during the mating/pregnancy season (May-August) and 11 during the birth season (September-December). The mean monthly PdG in both seasons was also similar (3.5 ± 0.5 vs. 2.9 ± 0.3 μg PdG/g feces in mating and birth season, respectively; Wilcoxon Rank Sum test: W = 919, p = 0.7). Mean monthly E1G was slightly higher in the mating season compared to the birth season (98.4 ± 35.9 vs. 68.0 ± 10.6 ng E1G/g feces), but the difference was not statistically significant (Wilcoxon Rank Sum test: W = 888, p = 0.9). 
Discussion
This study provides the first description of reproductive hormone profiles and reproductive capacity in wild subadult owl monkeys. Female Azara's owl monkeys (A. azarae) consistently experienced the onset of reproductive maturity prior to dispersing, and began cycling when they were, on average, 36 months old. This is substantially older than the onset of reproductive maturity observed in captive A. nancymaae females (Gozalo and Montoya, 1990) . However, it is consistent with a later onset of reproductive maturity typically observed in wild primates when compared to captive ones (Alberts, 2012; Pusey, 2012) . Overall, our results suggest that the reproductive suppression observed in female owl monkeys while in their natal group is not due to an inhibition of ovarian function; the lack of reproduction prior to dispersal is most likely regulated by behavioral mechanisms.
Our findings have implications for evaluating the inbreeding avoidance hypothesis (Pusey and Wolf, 1996) , even though we did not directly test adaptive explanations for reproductive suppression. If natal dispersal functions as a mechanism to avoid inbreeding, dispersal is expected to occur before or around the time of sexual maturation. Our results indicate that sexual maturation is not strongly associated with dispersal in female owl monkeys. Remaining in the natal group with reproductive adults, including the presumed genetic father, does not appear to suppress ovulation in subadults once they reach 2.5-3 years in age. Yet, while subadult females apparently have the capacity to reproduce, they never do so before dispersing (Fernandez-Duque, 2009 ). Subadults residing in natal groups with unrelated step-fathers, including three predispersed subadults in this study (Table 1) , also never reproduced prior to dispersing. This suggests that explanations other than inbreeding avoidance, such as female-female competition (Woodroffe and MacDonald, 1995) , may be necessary to fully explain reproductive suppression in predispersed wild owl monkeys.
The replacements of adult males did not appear to influence the timing of sexual maturity. If reproductively mature subadult females refrain from mating with the adult male in their natal group due to inbreeding avoidance, rather than behavioral inhibition by the adult female or other mechanism, we would not expect suppression of reproduction to continue once an unrelated male is introduced through an adult replacement. In some species, the introduction of an unfamiliar adult male to the natal group may be associated with earlier onset of reproductive maturity (Cooney and Bennett, 2000; Hanby and Bygott, 1987; Wolff, 1992) and can stimulate predispersed females to breed (Saltzman et al., 2004) . However, we did not find any evidence suggesting that females residing in groups with step-fathers matured earlier than females in groups that had not experienced an adult male replacement. To the contrary, the youngest predispersed subadult observed to cycle, and the only juvenile that showed evidence of PdG peaks, both resided in stable groups that had not experienced an adult male replacement (Discoteca and Cebollita, Table 1 ).
Our results generally indicate that the lack of reproduction while in the natal group cannot be explained by suppressed or delayed hormonal maturation. One caveat is that, while subadults commence ovulatory cycling in their natal groups, it is possible that their cycles may not be equivalent to those of adult females' cycles or that subadults may not be physiologically capable of sustaining a pregnancy. However, several lines of evidence suggest that the hormone cycles experienced by 17.9 ± 2.4 (SD) (between E1G nadirs) N = number of subjects that contributed cycles to the study. Number of cycles = number of cycles that contributed to the mean (from all subjects combined). a Length was computed using the distance between nadirs of estrone in urine samples. b Length was computed using the distance between peaks of estradiol in blood plasma samples. c Length was computed using the distance between peaks of estrone-1-glucuronide (E1C) in fecal samples. d Subjects were captive Aotus individuals, described as being of "Colombian origin". e Subjects were wild Aotus azarae azarae from Formosa, Argentina. subadults were, generally, like those described for adult females. Subadults had mean PdG peak concentrations similar to those of wild adults (17.3 ± 6.9 vs. 18.1 ± 9.1 μg PdG/g feces) and the general pattern for E1G, which typically rose and fell in parallel with PdG in subadults, was also similar to the pattern observed for estrone conjugates (E1C) in wild adult females' cycles . Other aspects of subadults' cycles were also similar to those of adults. While the average cycle lengths of subadults in this study were a couple of days shorter than those previously estimated for wild adult A. azarae females , they were similar to those estimated for captive owl monkeys of Colombian origin (Bonney et al., 1979; Bonney et al., 1980) (Table 2 ). Our sampling methods did not necessarily allow us to detect the date of the absolute maximum or minimum hormone concentration reached in each ovulatory cycle. This may account for the relatively wide range of days between consecutive cycles that we detected and for the somewhat shorter average cycle length compared to previous estimates for adults at our study site. The apparent brevity of the PdG peaks is also likely a consequence of our sampling scheme, and should not necessarily be taken as evidence that subadults had an extremely short luteal phase. With collection gaps between samples averaging 3 days (with longer lapses on a few occasions), we could only detect elevations in PdG lasting as many as 6-7 days with one sample. While elevations in progesterone and its metabolites may persist for a relatively short period during the ovulatory cycle of owl monkeys (Bonney et al., 1979) , it is possible that we would have detected a more sustained elevation in luteal PdG if we had sampled more frequently.
Our results strongly indicate that the mechanisms preventing subadult females from reproducing with males in their natal groups are behavioral rather than endocrinological. While our study did not directly investigate behavioral mechanisms, twenty years of behavioral data collected by the Owl Monkey Project has produced a general understanding of wild owl monkey behavior from which we can draw insights. Owl monkey groups are small and highly cohesive (FernandezDuque et al., 2001) , which provides very few opportunities for individuals to copulate or reproduce without attracting the attention of other group members. While adults generally tolerate sexually mature subadults in the group, a subadult may be violently expulsed if they attempt to copulate with a natal group member (Huck and FernandezDuque, 2012) . This may explain why neither juvenile nor subadult females typically engage in copulations with any males in their natal groups (authors' personal observation). Furthermore, adults target agonistic behavior at predispersed subadults more frequently than at younger offspring or pair-mates (Corley et al., accepted) . These observations suggest that agonism plays a role in inhibiting sexually mature predispersed subadults' reproduction.
Our findings suggest that wild female owl monkey experience a period of adolescent subfecundity. The irregular cycling observed in our study was similar to what has been described for captive adolescent titi monkeys (C. moloch), whose first cycles were typically followed by an anovulatory period, ranging 2-4 months, before the next cycle was observed (Valeggia, 1996) . A period of adolescent subfecundity also occurs in humans and several other non-human primates (Bercovitch and Ziegler, 2002; Metcalf et al., 1983; Nishida et al., 2003; Resko et al., 1982; Wallis, 1997; Young and Yerkes, 1943) . Hormone data from humans and captive macaques (Foster, 1977; Metcalf et al., 1983; Resko et al., 1982) indicate that adolescent subfecundity is typically characterized by a combination of anovulatory and ovulatory cycles (Vihko and Apter, 1984) . In contrast, for wild primates, adolescent subfecundity is almost always inferred from observations of a delay between the onset of sexual behavior or sexual swellings and first conception, rather than from a direct examination of hormonal data (Knott, 2001) . The physiological basis for this delay in wild primates is often proposed to be hormonal, but the mechanisms are rarely verified. Our results are consistent with the suggestion that hormonal mechanisms, particularly a combination of ovulatory and anovulatory cycles, are responsible for adolescent subfecundity in wild primates.
Irregular cycle lengths occurred in owl monkey subadults both before and after dispersal. This suggests that irregular cycles were not a result of incomplete hormonal suppression experienced while in the natal group. The persistence of irregular cycles in the solitary life history stage suggests that females may not establish more regular cycles until after pairing with an adult male in a non-natal group. At the very least, we can conclude that the development of fully mature ovarian function in wild owl monkeys generally takes at least several months, and may continue after dispersal. An alternative explanation for the irregularity of cycles is that our sampling schedule resulted in an inability to detect all peaks that occurred. However, our data strongly suggest that at least some individuals did not consistently ovulate after their first detected ovulatory cycle (Supplementary Fig. 1 ).
Season did not substantially influence the mean monthly levels of PdG or E1G. Subadults appeared to cycle in both the mating/pregnancy and birth seasons. We cannot say with certainty if subadults cycle throughout the entire year, since we did not sample individuals from January to April. Births are very seasonal at our field site, and we have observed no pregnancies that could have resulted from cycles occurring outside of the mating season (Fernandez-Duque et al., 2002) . Thus, it is not entirely clear why females would cycle in other seasons. However, it is not uncommon for cycling and mating behavior to occur during a longer period than the relatively short season in which conceptions occur. For example, female muriquis (Brachyteles arachnoides) may experience up to seven cycles prior to conceiving (Strier et al., 2003) . Similarly, wild adult female owl monkeys experienced several nonconceptive cycles before becoming pregnant and at least one adult cycled outside of the mating season . Given that subadults seem to require at least several months to establish consecutive regular cycles, it is possible that sporadically cycling throughout the year allows subadults time to fully establish adult-like, consistent reproductive cycles by the time the mating season arrives. This may allow them to be physiological ready to mate and conceive if an opportunity to do so arises (i.e. if they have successfully dispersed and established themselves as part of a pair in a new group by the next mating season). The extension of cycling outside of the mating season in adult females is something that requires further investigation.
Why would females invest energy into developing and maintaining reproductive capacity prior to dispersal if they have no chance of reproducing until after they disperse? Studies which examine reproductive capacity in wild predispersing female primates are relatively rare. However, there is evidence that females of at least some species, such as muriquis (B. arachnoides), do not begin cycling prior to dispersing from their natal group (Strier and Ziegler, 2000) . To fully understand why some primate females become reproductively mature prior to dispersing while others may delay maturation until after they are established in a new social group requires comparative data from many additional species of wild primates, representing a variety of social and mating systems. Nonetheless, in the following paragraphs we discuss several possible explanations for why females in pair-living primate taxa may mature prior to dispersing.
One possibility is that, by sporadically cycling throughout much of the year, wild subadult owl monkeys are developing a state of reproductive "suspended readiness", much like it has been suggested to explain patterns of cycling in adolescent captive titi monkeys (Valeggia, 1996) . This could enable subadults to be ready to conceive upon entering the appropriate social environment (i.e. finding an available mate in a non-natal group), even though the time it may take to secure a mating opportunity is difficult to predict. Behavioral observations from our field site support this explanation. We have observed predispersed subadults "prospecting", during which they temporarily separate from other members of their natal group to range solitarily for several hours or even days (Mares et al., 2014; Reed et al., 1999) . One function of prospecting may be for predispersed subadults to monitor the composition of neighboring social groups and to evaluate potential opportunities for reproductive openings (Fernandez-Duque, 2009 ). The relatively large variation in the age when individuals disperse and in the time that individuals spend as solitaries after dispersing suggest that it is difficult for predispersed subadults to anticipate when mating opportunities will arise. Difficultly in anticipating reproductive opportunities is likely exacerbated by the fact that solitary floaters often need to engage in fights with adults in established social groups, the outcomes of which may be unpredictable, in order to gain a reproductive position (Fernandez-Duque and Huck, 2013) .
It is also possible that establishing mature reproductive function reflects a quality important in mate choice. For genetically monogamous species, like owl monkeys at our site, an individual may frequently only produce offspring with one mate, with whom they remain until they either die or are expelled by a solitary individual (after which they most likely will expire without gaining another opportunity to mate or reproduce) (Fernandez-Duque and Huck, 2013) . Obtaining a high-quality mate rapidly after dispersing from their natal group allows individuals to minimize the costs of dispersal and has a potential important impact on lifetime fitness (Bonte and Dahirel, 2016; Bonte et al., 2012) . Traits that allow subadults to acquire a high-quality mate and reproduce earlier will be selected for, as long as the benefits of early reproduction are not outweighed by costs (Altmann et al., 1988) . Ovulatory cycling may be a prerequisite to females gaining a reproductive position, if males can detect signals of ovulation and prefer to pair with already cycling females. In support of this hypothesis, there is emerging evidence that captive owl monkey males can detect through olfaction if a female is sexually mature and cycling (Spence-Aizenberg, in preparation). Therefore, readying their reproductive systems (i.e. commencing ovulatory cycles) before dispersing may allow females to take advantage of unpredictable mating opportunities in their community.
In summary, female owl monkeys do not delay puberty, but rather commence ovarian cycling as predispersed subadults, while still residing in their natal group. Subadults appear to have a period during which they experience irregular, non-conceptive cycles prior to reproducing. Commencing these irregular cycles while still in the natal group may allow subadults to develop a state of suspended readiness, which may be essential to securing a mate, while avoiding the costs of ranging solitarily. Our results indicate that reproductive suppression in owl monkeys is not due to a lack of reproductive capacity, though the specific mechanisms that prevent females from reproducing with unrelated adult males in their natal group require further investigation.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.yhbeh.2017.08.005.
